Defective control of Epstein-Barr virus (EBV) infection by cytotoxic CD8 + T cells might predispose to multiple sclerosis (MS) by allowing EBV-infected autoreactive B cells to accumulate in the central nervous system. We have treated a patient with secondary progressive MS with in vitro-expanded autologous EBV-specific CD8 + T cells directed against viral latent proteins. This adoptive immunotherapy had no adverse effects and the patient showed clinical improvement with reduced disease activity on magnetic resonance imaging and decreased intrathecal immunoglobulin production. This is the first report of the use of EBV-specific adoptive immunotherapy to treat MS or any other autoimmune disease.
Introduction
A large body of evidence indicates that infection with Epstein-Barr virus (EBV) has a role in the pathogenesis of multiple sclerosis (MS). 1, 2 It has been hypothesized that defective elimination of EBV-infected B cells by cytotoxic CD8 + T cells predisposes to MS by allowing EBV-infected autoreactive B cells to accumulate in the central nervous system (CNS). 3 This hypothesis predicts that adoptive immunotherapy to boost EBV-specific CD8 + T-cell immunity might be an effective treatment for MS. 3 Consistent with the hypothesis, patients with MS have a decreased frequency of CD8 + T cells reactive to their own EBV-infected B cells 4 which accumulate in the CNS. 5, 6 AdE1-LMPpoly is a novel recombinant adenovirus vector encoding multiple CD8 + T-cell epitopes from three EBV latent proteins, namely EBV nuclear antigen-1 (EBNA1), latent membrane protein 1 (LMP1) and LMP2A. 7 Adoptive immunotherapy with autologous T cells expanded in vitro with AdE1-LMPpoly increases survival in patients with metastatic nasopharyngeal carcinoma, where the EBVinfected carcinoma cells express EBNA1, LMP1 and LMP2A. 7 Because EBV-infected B cells in the brain in MS express the same three EBV proteins, 5, 8 adoptive immunotherapy with AdE1-LMPpoly might be an effective way to increase the number of CD8 + T cells available to eliminate EBV-infected B cells from the CNS. Here we report the use of adoptive immunotherapy with AdE1-LMPpoly to treat a patient with secondary progressive MS, for which currently there is no effective treatment.
Case report
The patient was a 42-year-old man whose first attack of MS occurred in 1994. The diagnosis of MS was confirmed by His MS had been complicated by: a bleeding duodenal ulcer requiring blood transfusion and resulting from the use of ibuprofen for flu-like symptoms of interferon β therapy; a decubitus ulcer requiring plastic surgery; painful hamstring spasms treated with baclofen and intramuscular botulinum toxin; urinary incontinence requiring a permanent indwelling urinary catheter leading to a severe urinary tract infection; and trigeminal neuralgia. By 2012, intention tremor was progressively limiting the use of his hands and he had a flexion contracture of the right knee. He was still working full-time from home as a manager. His Expanded Disability Status Scale Score was 8.0. He was a good candidate for T-cell therapy with AdE1-LMPpoly because the proportion of EBV-specific CD8 + T cells in his blood was below the 10 th percentile in healthy EBV carriers and he carried HLA-A2 and HLA-B7, which are restricting elements for several of the EBNA1, LMP1 and LMP2A epitopes in AdE1-LMPpoly. He also had the general CD8 + T-cell deficiency (8.0% of peripheral blood mononuclear cells compared with a median of 18.6% and interquartile range of 15.7-23.0% in healthy subjects) and increased CD4:CD8 ratio (5.61 compared with a median of 2.27 and interquartile range of 1.76-3.07 in healthy subjects) typical of MS. 9 This treatment was approved by the Royal Brisbane and Women's Hospital Clinical Ethical Review Group and through the Special Access Scheme (Category B) of the Australian Government Therapeutic Goods Administration. With informed consent, we collected 400 ml of blood and expanded his EBV-specific T cells by in vitro stimulation with AdE1-LMPpoly and interleukin-2. 7 After expansion, 38.46% of CD8 + T cells but only 0.22% of CD4 + T cells reacted to the LMP peptides. The EBV-specific T cells were returned to the patient intravenously (IV) at fortnightly intervals. To reduce the risk of aggravating CNS inflammation, we chose an initial dose of 5 × 10 6 T cells, which was only 25% of the median dose used for nasopharyngeal carcinoma, 7 and escalated the dose gradually over the following three infusions to 1 × 10 7 , 1.5 × 10 7 , and 2 × 10 7 cells.
The treatment was successfully completed without significant adverse effects. In particular there were no fevers, flu-like symptoms or malaise. Two to three days after the second and third infusions the patient had tingling and numbness of the lips and tongue for 3-6 h, but in the previous year there had been two attacks of these symptoms, each lasting a week. Following the treatment he experienced a reduction in fatigue and painful lower limb spasms, an improvement in cognition and hand function, and increased productivity at work. These improvements were sustained up to the time of the latest review, 21 weeks after the final T-cell infusion, when neurological examination demonstrated increased voluntary movement of his lower limbs, particularly of the right knee flexors and left knee flexors and extensors to a Medical Research Council grade of 3/5, compared with 1/5 prior to the T-cell therapy. Following treatment the frequency of circulating EBVspecific CD8 + T cells increased (Figure 1(a) and (b) ), and there were decreases in the number and size of gadoliniumenhancing MRI brain lesions and in intrathecal IgG production (Figure 1(c-f) ). The CSF IgG index decreased from 0.79 (normal <0.70) before treatment to 0.74, 6 weeks after completion of treatment, and then decreased further to 0.63, 21 weeks after completion.
Discussion
This study provides proof of principle that adoptive immunotherapy with autologous EBV-specific T cells can be safely administered to the patient with MS. The improvements in the patient's symptoms and signs indicate a beneficial effect, which is supported by the reduction in disease activity on MRI and by the decrease in intrathecal IgG production. These effects can be explained by the killing of EBV-infected B cells in the CNS by the adoptively transferred CD8 + T cells. A clinical trial is needed to determine therapeutic efficacy across the clinical spectrum of MS. This study has implications for the treatment of other chronic autoimmune diseases where EBV also has a pathogenic role. 3 
